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The threshold between classical and nonclassical two-qubit states is drawn at the place when
these states can no longer be described by classical correlations, i.e., quantum discord or entangle-
ment appear. However, to check if the correlations are classical (in terms of quantum discord and
entanglement) it is sufficient to witness the lack of quantum discord because its zero value implies
the lack of entanglement. We explain how the indicator of quantum discord introduced by Girolami
and Adesso [Phys. Rev. Lett. 108, 150403 (2012)] can be practically measured in linear-optical
systems using standard beam splitters and photon detectors. We study the efficiency of the setup
assuming both ideal and real components and show that the efficiency of the proposed implemen-
tation is better than the full two-photon quantum tomography. Thus, we demonstrate that a class
of experiments previously available on NMR platform can be implemented in optical systems.
PACS numbers: 03.65.Ud, 42.50.Dv, 03.67.Bg, 03.67.Mn
I. INTRODUCTION
The threshold between the classical and quantum
world has fascinated physicists since the discovery of
quantum phenomena and realizing how different they
are from our everyday experience. One of the promi-
nent examples of quantum behavior is the nonlocality
leading to violation of Bell’s inequalities [1, 2]. For two-
level systems there is no nonlocality without quantum
entanglement, but the opposite can be true [3]. Quan-
tum entanglement plays an important role in quantum
information processing [4]. However, the entanglement
is not the only type of non-classical correlations. As de-
scribed by Ollivier and Zurek [5] the nonclassical correla-
tions can be associated with quantum discord. Quantum
discord (QD) is useful in many ways including quantum
information processing or detection of quantum phase
transitions, especially in the cases when the entangle-
ment fails to grasp this phenomenon [6]. Moreover, it
was demonstrated that only classical correlations can be
broadcast locally [7]. All of these features of quantum
discord motivate the quest for developing tools for de-
tecting and quantifying it. Nevertheless, there were only
a few experimental implementations of witnesses of non-
classical correlations, or nonclassicality witnesses (NWs),
in discrete-variable systems. Two of them were imple-
mented in nuclear magnetic resonance systems [8, 9] and
one using linear optics [10], however these witnesses were
not universal. At this point, we should stress that de-
tecting purely classical correlations is a difficult prob-
lem since it involves solving optimization problem over a
nonconvex set of classical states. Thus, the problem of
detecting classical correlations is harder that detection
of entanglement. Moreover, any NW should be nonlin-
ear [11]. For those reasons the NWs [10–12] are usually
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non-universal. However, Zhang et al.[13] demonstrated
that finding a universal NW is possible, but the estab-
lished witness is not suitable for optical implementation.
A better suited QD indicator (QDI) which overcomes the
limitations of all the previously developed witnesses is a
measure introduced by Girolami and Adesso [14]. We call
it an indicator instead of a witness since in contrast to
a typical witness it is universal and on average its value
provides a bound on QD.
Let us start with introducing some basic definitions
used throughout our paper. A general two-qubit density
matrix ρ can be expressed in the Bloch representation as
ρ =
1
4
(I⊗I+~x ·~σ⊗I+I⊗~y ·~σ+
3∑
n,m=1
Tnm σn⊗σm), (1)
where ~σ = [σ1, σ2, σ3] and matrix Tij = Tr[ρ(σi⊗σj)] are
given in terms of the Pauli matrices, and xi = Tr[ρ(σi ⊗
I)] (yi = Tr[ρ(I ⊗ σi)]) describe Bloch vector ~x (~y) of
the first (second) subsystem, later referred to as A and
B. Moreover, it is always possible to transform ρ with
local unitary operations [15] so that T becomes a diagonal
matrix.
The state ρ is not entangled (is separable) when it has a
positive partial transpose, i.e., is a PPT state (see Peres-
Horodecki criterion [16, 17]). The lack of entanglement
for a two-qubit system implies, e.g., locality, in terms of
violation of the Bell-CHSH inequality [2] (for quantitative
study see [18]), and thus it corresponds to classical situa-
tion where the measurement outcomes can be explained
by a hidden-variable model. However, quantum entan-
glement is not responsible for all the nonclassical effects.
One of the recently celebrated manifestation of quantum-
ness is quantum discord [5]. The QD is responsible for the
difference in conditional quantum information calculated
in two ways, where one of them uses the Bayesian rule for
calculating probabilities. Therefore, QD quantifies how
much conditional quantum probabilities differ from those
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2calculated within classical theory. The QD vanishes if the
state fulfills the strong PPT condition [19], i.e., ρ has to
be PPT and its PPT must admit Cholesky decomposi-
tion (there are also other so-called nullity conditions –
for review see [6]). Thus, if there is no discord, there is
no entanglement. However, the reverse does not have to
be true.
There are several ways of quantifying QD. The one for
which an analytic formula is known [20] is the so-called
geometric quantum discord (GQD) quantifying Hilbert-
Schmidt distance to the closest non-discordant state.
The expression for the GQD reads
Di(ρ) = −1
4
(
λmax,i −
2∑
n=0
λn,i
)
, (2)
where λn,i (for i = A,B) stand for eigenvalues of ma-
trix KA = ~x~x
T + TTT or KB = ~y~y
T + TTT , where
T denotes transposition. The largest λn,i is denoted as
λmax,i. Note that Di is asymmetric. Thus, if DA = 0
the state is called classical quantum or if DB = 0 the
state is quantum-classical. Naturally, there have been
attempts of finding an analytic formula for the symmet-
ric GQD, which answers the question about the closest
classical-classical state, however this is still an open prob-
lem [6, 21].
If DA = DB = 0 the state is classical-classical since
it does not exhibit quantum correlations responsible for
discord between conditional quantum information calcu-
lated in the two above-mentioned ways. In the following
sections we show how to experimentally identify states
of zero Di and describe how to perform the experiment
within the framework of linear-optics by measuring Qi
introduced in in Ref. [14]. The QDI provides a tight and
faithful lower bound (Qi = 0 ⇔ Di = 0) for GQD and
reads
Qi =
1
12
[
2M1,i −
√
6M2,i − 2M21,i
]
≤ Di, (3)
where Mn,i =
∑2
m=0 λ
n
m,i for n = 1, 2 are moments of
the matrix Ki (i = A,B) from Eq. (2), where λm de-
notes mth eigenvalue of Ki. Note that Qi and Ki are
asymmetric, thus Qi cannot exclusively detect classical-
classical states. One of the possible symmetric QDIs is
Qs = QA + QB . Moreover, since the symmetric geo-
metric discord vanishes Ds = 0 only if DA = DB = 0
[21], for checking if the state exhibits classical-classical
correlations Qs = QA +QB should be used.
Finally, let us note that there are other QDIs than Qi
that are functions of the moments Mn,i for n = 1, 2 pro-
viding a faithful bound on geometric quantum discord,
e.g.,
Vi =
√
M2,i −M21,i ≥ Di, (4)
however, as demonstrated in Fig. 1, Qi provides a better
estimation of Di.
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FIG. 1. (Color online) Monte Carlo simulation outcomes for
106 random two-qubit density matrices. Geometric quantum
discord Di versus normalized quantum discord indicators Qi
and Vi.
FIG. 2. (Color online) Diagram for measuring M1,A (left) and
M2,B (right) for a two-qubit source emitting states ρ with pe-
riod τ . For both qubits from a pair the delay varies depending
on the pair number in the sequence. In the case of measuring
Mi,1 the qubits in arm A (B) are delayed by 2τ or τ (τ or 0),
whereas for Mi,2 the qubits in arm A (B) are delayed by 4τ ,
τ , or 0 (τ or 0). The difficulty of implementing the delay in
a real experiment depends on the value of τ and on technical
aspects depending on the physical properties of the qubits.
For a very small τ it can be difficult to provide fast enough
switching of the delay, whereas for a very large τ coherent
storage of qubits could be challenging.
II. DETECTION OF NONCLASSICAL
CORRELATIONS
Up to this point we did not mention how to measure
Q. The proposed measurement procedure is similar to
3the proposal for direct measurement of quantum discord
introduced by Jin et al.in [22] and it resembles the so-
called entanglement swapping [23]. In our case we need
only the first two moments of the matrix Ki, and we
need fewer copies of ρ. The first moment is given as
M1,A = Tr(~x~x
T + TTT ), where we fixed without loss
of generality i = A, and requires two copies of ρ to be
measured. This is because M1,A can be also expressed
[22] as
M1,A = Tr[(UA1A2 ⊗ VB1B2)(ρA1B1 ⊗ ρA2B2)], (5)
where
UAmAn = −4P−AmAn + IAmAn , (6a)
VBmBn = UBmBn + IBmBn . (6b)
Both U and V are given in terms of singlet projections
P−imin = (|Ψ−〉〈Ψ−|)imin and
|Ψ−〉imin =
1√
2
(|↑〉|↓〉 − |↓〉|↑〉)imin (7)
with i = A,B and m,n = 1, 2. However, for measuring
M2,A we need four copies ρ, since
M2,A = Tr[(UA1A4 ⊗ UA2A3 ⊗ VB1B2 ⊗ VB3B4)
×(ρA1B1 ⊗ ρA2B2 ⊗ ρA3B3 ⊗ ρA4B4)]. (8)
The operators UAmAn and VBmBn are two-qubit oper-
ators acting on the respective subsystems. Having four
copies of ρ each moment can be estimated in a single co-
incidence measurement. However, if six copies are avail-
able, the NW from Eq. (3) could be evaluated in a single
measurement. We can however, use temporal separation
between the copies (as shown in Figs. 2 and 3) instead
of spatial separation to investigate the quantum corre-
lations of a two-qubit source of a constant frequency of
1/τ .
III. LINEAR-OPTICAL IMPLEMENTATION
The QDI from Eq. (3) can be measured in a linear-
optical system where the qubit z-basis states |↑≡ 1H〉
and |↓≡ 1V 〉 are represented by single-photon horizon-
tal |1H〉 and vertical |1V 〉 polarization states. Our pro-
posal for the experimental setup consists of standard
optical elements, i.e., 50:50 asymmetric beam splitters
(BS) and photon detectors. Since the qubits are polar-
ization encoded it may seem surprising that we do not
use polarization-dependent components as, e.g., polariz-
ing BSs, however the polarization dependence that we
take advantage of is induced in the bosonic commutation
relations that are fulfilled by the BS transformed pho-
tons. As shown in Fig. 2 we need a two-photon source to
conduct the experiment given that we are able to imple-
ment the correct sequence of delays for the correspond-
ing photons. This task could can be very demanding and
FIG. 3. (Color online) Diagram of measurement of M2,A us-
ing four photons (two two-qubit states ρ) emitted at intervals
τ . From left: N iterations of the measurement procedure em-
ploying deterministic delay; a single iteration of the procedure
in case of the probabilistic delay. In the latter case the time
required for obtaining a single measurement outcome is twice
as long as in the other case since in order to obtain the correct
result one needs to ensure that photons left the delay lines.
Thus, the deterministic scheme is 2/p2 times more efficient
than the probabilistic one, where p is the success probabil-
ity of the delay. However, the deterministic scheme requires
switching the duration of the delay with frequency 1/τ equal
to the repetition rate of the source. The measurement dia-
gram for M1,A for a four-photon source is trivial since it does
not require delays.
therefore we propose an alternative experiential proce-
dure using a four-photon source as shown in Fig. 3. High
quality multiphoton sources of are difficult to obtain (for
a review see Ref. [24]) but implementing them is easier
than providing the complex reliable and efficient system
of delays as described in Fig. 2.
A. Assembling a U/V box
The operators constituting moments M1,A and M2,A
are UAmAn and VBmBn . Each of the operators is a linear
combination of the projections P− and identity opera-
tions I. Both of these fundamental operations can be
implemented using linear optics (see Fig. 4) with polar-
ization encoded qubits. Operation I corresponds to de-
tecting unaltered photons. The singlet projections P− is
implemented by detecting a pair of photons in separate
spatial modes, say 2 and 3, after they interacted on a BS
assuming that both photons impinge on the BS from two
separate modes, e.g., m and n, as well. The asymmetric
50:50 BS transmits and reflects a photon with probability
1/2, but the photon gets a pi phase shift only if it reflects
from one side side of the BS (marked by a gray layer in
Fig. 4). Note that the BS transformation is unitary and
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FIG. 4. (Color online) Setup for linear-optical measurement
of Umn or Vmn observables, i.e., the U/V box. The setup
consists of 50:50 asymmetric beam splitters (BSs) and con-
ventional detectors (D). To measure Umn (Vmn) a value of
−4 is assigned to coincidence C23 at D2 and D3 as it implies
singlet projection [see Eq. (19)] and value of 1 (2) if the coinci-
dence C14 implying Imn operation [see Eq. (12)] is registered
by D1 and D4. The other combinations of detector clicks are
irrelevant, thus we do not assign values to other detection
events. The device works with probability 1/2 because with
this probability both photons reach unaltered the central BS
or exit to detectors D1 and D4.
is its own inverse, i.e., BS = BS†.
1. Identity operator
First let us show that the two-mode identity operator
Imn can be implemented as a coincidence C14 at detectors
D1 and D4 shown in Fig. 4. This coincidence can be
expressed as
C14 = η
2|11〉〈11| ⊗ |14〉〈14|, (9)
where η is quantum efficiency of the detectors D1 and
D4. We neglect the dark counts since depending on the
wavelength and the detectors used they can be very rare,
moreover the dark counts are uncorrelated and thus their
simultaneous appearance is highly improbable. Once we
trace back the photons detected by C14 to the input
modes c, m, n, d of the setup from Fig. 4 by perform-
ing the BS transformation we obtain
C ′14 = r [|1m〉〈1m| ⊗ |1n〉〈1n|+ |1m〉〈1m| ⊗ |1d〉〈1d|
+|1c〉〈1c| ⊗ |1n〉〈1n|+ |1c〉〈1c| ⊗ |1d〉〈1d|] , (10)
where r = η2/4. Since no photons arrive form the vac-
uum modes c and d the C14 operator effectively reads
as
C ′14 = r|1m〉〈1m|m ⊗ |1n〉〈1n|, (11)
or in polarization basis where |1n〉〈1n| = (|1H〉〈1H | +
|1V 〉〈1V |)n = In it reads
C ′14 = rIm ⊗ In = rImn. (12)
Thus, by performing coincidence detection after the two
BSs we measure an operator proportional to Imn, where
the constant coefficient r = η2/4 is known in advance.
2. Singlet projection
The analogous reasoning as in the case of the two-mode
identity operator Imn can be applied to show that coinci-
dence C23 performs the P
−
mn = (|Ψ±〉〈Ψ−|)mn projection.
Let us start with the operator describing the coincidence
at detectors D2 and D3
C23 = η
2|12〉〈12| ⊗ |13〉〈13| (13)
which can be rewritten in the Bell basis
|Φ±〉23 = 1√
2
(|1H〉2|1H〉3 ± |1V 〉2|1V 〉3) , (14a)
|Ψ±〉23 = 1√
2
(|1H〉2|1V 〉3 ± |1V 〉2|1H〉3) (14b)
as
C23 = η
2
(|Φ+〉〈Φ+|+ |Φ−〉〈Φ−|
+|Ψ+〉〈Ψ+|+ |Ψ−〉〈Ψ−|)
23
. (15)
The Bell states are transformed by the BS as follows:
|Φ±〉23 → 1
2
(|2H〉k|0〉l + |0〉k|2H〉l
∓|2V 〉k|0〉l ± |0〉k|2V 〉l) , (16a)
|Ψ+〉23 → 1√
2
(|0〉k|1H , 1V 〉l − |1H , 1V 〉k|0〉l) , (16b)
|Ψ−〉23 → −|Ψ−〉kl. (16c)
Thus, the coincidence count after the action of the central
BS from Fig. 1 reads
C ′23 = η
2
(|Ψ−〉〈Ψ−|+ BS|Ψ+〉〈Ψ+|BS
+BS|Φ+〉〈Φ+|BS + BS|Φ−〉〈Φ−|BS)
kl
. (17)
Note that all the BS transformed Bell states except the
singlet state have two-photon components which are im-
possible to appear because there can be only one photon
per mode k and l. Thus, we can simplify the operator C ′23
describing the BS transformation followed by coincidence
detection to
C ′23 = η
2(|Ψ−〉〈Ψ−|)k,l (18)
which in terms of the input modes reads
C ′′23 = r(|Ψ−〉〈Ψ−|)mn = rP−mn, (19)
where the terms describing the detection of photons
emerging from vacuum modes c and d were not taken
into account.
53. Measuring U and V
The operators Umn and Vmn are linear combinations
of C ′14 and C
′′
23 of the following form
Umn =
1
r
(C ′14 − 4C ′′23), (20a)
Vmn =
1
r
(2C ′14 − 4C ′′23). (20b)
The factor of 1/r = 4/η2 > 1 compensates for the fact
that C ′14 or C
′′
23 are both measured probabilistically with
a success rate of r = η2/4, but the total success rate R of
the U/V setup is R = 2r. The probabilistic nature of the
setup reduces uniformly the number of all the coincidence
counts by a factor of r = η2/4. Thus, we can express the
average values of 〈Umn〉 and 〈Vmn〉 as
〈Umn〉 = 1− 4N23
N14
, (21a)
〈Vmn〉 = 2− 4N23
N14
, (21b)
where N14 is the number of registered coincidences C14
and N23 is the number of registered coincidences C23.
B. Measuring M1 and M2
Estimating the averages of products of the U and V
operators is a bit more involved since it requires using
more than one U/V block shown in Fig. 4. Our experi-
mental proposal based on the probabilistic scheme from
Fig. 3 shown in Fig. 5 uses two such blocks. Let us as-
sume that we perform N iterations of the experiment
for n = 1, 2..., N . For each iteration the U/V box pro-
vides us with one of three values umn ∈ {0, 1,−4} for
measuring Umn and vmn ∈ {0, 2,−4} for measuring Vmn.
The there values ({0, 1,−4} or {0, 2,−4}) correspond to
not observing coincidence C14 or C23, observing coin-
cidence C14, and observing coincidence C23, correspond-
ingly. Thus, for measuring 〈M1,A〉 = 〈UA1A2⊗VB1B2〉 the
n’th measurement outcome is a product of two numbers
and reads an = (uA1A2vB1B2)n, whereas for 〈M2,A〉 =
〈UA1A4 ⊗UA2A3 ⊗ VB1B2 ⊗ VB3B4〉 it is a product of four
numbers, i.e., bn = (uA1A4uA2A3vB1B2vB3B4)n. We can
express the expectation values as
〈M1,A〉 = 1
N1
N∑
n=1
an, (22a)
〈M2,A〉 = 1
N2
N∑
n=1
bn, (22b)
where the number of events where I⊗2 or I⊗4 was mea-
sured is N1 =
∑N
n=1 δ2,an = r
2N and N2 =
∑N
n=1 δ4,bn =
p2r4N , correspondingly, where δ is the Kronecker’s δ and
p is the success probability of the delay.
C23
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FIG. 5. (Color online) Optical setup for measuring M2 using
the probabilistic scheme from Fig. 3 with p = 1/4. When the
delay lines are removed, the setup measures M1. At times
t = 0 and t = τ two photon pairs ρ enter the setup. When
t = 2τ, 3τ no new photons appear from sources S1 and S2 and
only coincidences in the U part of the setup are witnessed.
The photons are delayed before entering the U part. One
of the photons is always delayed by τ and the second one
randomly by 2τ or 0, however the photon with probability 0.5
can leak out of the system. In the successful cases ρA1B1 and
ρA2B2 enter the setup at t = 0 and VB1B2 is measured. At the
same time photons in the left part are delayed, the first from
the left by τ and the second by 2τ (with probability 1/4), so
at t = 0 there is no photon detected in U . Photon pairs ρA3B3
and ρA4B4 enter the setup at t = τ and VB3B4 is measured
without delay. In the left part, the first photon is delayed
by τ , but the second one is not affected (with probability
1/4). At the same time UA1A4 is measured. Since there are
no photons added at t = 2τ only UA2A3 is measured (for
a photon provided at t = 0 and delayed by 2τ and a photon
provided at t = τ delayed by τ). The success rate of the delay
procedure is p2 = 1/16. The whole sequence is repeated until
a good estimate of M2 is obtained, e.g., we reach N2 = 10
3
successful iterations. No photons enter the setup at t = 3τ to
not affect the next measurement iteration.
C. Experimental challenges
Note that for the case of measuring M1,A and M2,A we
lose (1−R2)N and (1−p2R4)N photons, correspondingly.
In spite of losing many photons measuring Qi is expected
to be faster than full 2-qubit quantum tomography (QT)
which requires rotating a number of polarization plates
providing 16 measurement configurations, where each ro-
tation takes a few seconds. During this time for small τ
the measurement setup from Fig. 5 would accumulate
enough data to estimate Qi. This assessment, however,
strongly depends on the efficiency of the detectors η (see
Fig. 6).
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FIG. 6. Time t in units of τ (the inverse of time between gen-
eration of the two two-photon states) needed for performing
103 successful measurements of M1 and M2 versus the detec-
tion efficiency η. The success rate of generating two pairs of
photons from a single pump pulse was assumed to be 1/100.
The solid curve corresponds to the probabilistic delay scheme
whereas the dashed one corresponds to the deterministic de-
lay scheme. The repetition rate of the pump can be set to
1/τ = 20 MHz (τ = 50 ns). Te repetition rate is limited by
the dead time of the detectors (typically about 50 ns). Mea-
suring both moments with 103 iterations in a time of order of
1 s would be possible for perfect detectors and deterministic
delay scheme. In a realistic case of η = 0.75 and probabilis-
tic delay the whole measurement would take less than 3 min.
Note, however, that N = 100 estimates for M1 and M2 would
be available in a 10 times shorter time.
1. Speed of the measurement
The main difficulty in implementing the setup outlined
in Fig. 5 is working with two two-photon sources SR and
SL. The photon pairs should exhibit quantum corre-
lations, thus should be produced, e.g., in spontaneous
parametric down-conversion of light of a certain degree
of depolarization. Since the pairs are produced by a ran-
dom process, the coincidence rate in our experimental
proposal can be very low. However, as we demonstrate
below, it is not always the case. There are of course fur-
ther challenges. Depending on the approach of producing
the input states, one may face the problem of indistin-
guishability of the photon pairs, which causes the results
to differ from the expected one, but methods of circum-
venting this effect can be found, e.g., in [24]. Moreover,
the theoretical prediction is reached if all the pairs per-
fectly overlap on the corresponding BSs. This condition
is easy to be satisfied for one pair of photons, however the
amount of work increases with the number of photons. To
achieve this all the optical elements would require active
stabilization. The success rate of the measurement of M2
from Fig. 5 is p2 = p
2R4 since it requires applying proba-
bilistic delay for measuring U . When all the delay lines in
Fig. 5 are removed, the setup and can be used for direct
measurement of M1 with success rate of p1 = R
2. The
success rates should also incorporate the probabilities of
generating photon pairs at t = nτ . In two-crystal type-I
geometry (so-called Kwiat source [25]), the probability of
generating an entangled photon pair from a single pump
pulse is about 1/10. Thus, creating two pairs indepen-
dently occurs with probability 1/100 and the effective
success probabilities read p1 = R
2/100 and p2 = p
2
1 for
M1 and M2, correspondingly. By taking into account the
pauses in providing two pairs of photons at t = 2τ, 3τ (we
only allow every second two pulses from the pulse train
to enter the setup by using a pulse picker) the efficiency
of the setup for measuring M2 drops by a factor of 1/2.
Thus, the useful coincidence count rate for M2 would
be limited to p2 = p
2
1/2 of the brightness of the source.
The repetition rate of the source (1/τ) is limited by the
dead time of the detectors (about 50 ns) to about 20 MHz.
Thus, for realistic detector efficiency of η = 0.75 (Perkin-
Elmer single photon counting modules operating at wave-
length of 700 nm), the number of successful M2 measure-
ments per second would reach p2×20 MHz = 6.25 Hz and
p1 × 20 MHz = 15.8 kHz for M1. These numbers would
be further reduced by a few percent by unavoidable im-
perfections of the setup. Nevertheless, the final expected
number of detection events for M2 is of order of 6 coinci-
dences per second which would allow us to measure M2
in less than three minutes. Measuring M1 would be much
faster because of the simpler structure of coincidences, no
pulse picking, and lack of probabilistic delay. The deter-
ministic setup for measuring M2 outlined in Fig. 3 would
also not suffer from such a low coincidence rate as the
setup shown in Fig. 5. However, the later alternative is
more feasible and can be successfully implemented, e.g.,
in our laboratory.
2. Robustness of the setup
For the purpose of our experiment we need two two-
photon sources SL and SR in Fig. 5 producing photon
pairs in the same state ρ. However, the sources can pro-
duce slightly different states ρL and ρR for SL and SR,
correspondingly. In this case we assume that our state ρ
is given as ρ = (ρL + ρR)/2. If the states ρL and ρR are
not identical the fidelity [26] of these two states
F (ρL, ρR) =
{
Tr
[(√
ρLρR
√
ρL
)1/2]}2
(23)
is less than 1 and the measured moments read
M ′1,A = Tr[(UA1A2 ⊗ VB1B2)× (ρLA1B1 ⊗ ρRA2B2)],(24)
and
M ′2,A = Tr[(UA1A4 ⊗ UA2A3 ⊗ VB1B2 ⊗ VB3B4)
×(ρLA1B1 ⊗ ρRA2B2 ⊗ ρLA3B3 ⊗ ρRA4B4)]. (25)
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FIG. 7. The measured value of Q′A for the two sources SL
and SR producing pairs of photons in states ρ
L and ρR versus
the precise QA value for ρ = (ρ
L + ρR)/2. The blue data
points are Monte Carlo results for 106 randomly generated
ρR and ρL states satisfying F (ρL, ρR) ≥ 0.90. The blue line
corresponds indicates Q′A = QA.
Using the moments (24) and (25) for calculating QA we
obtain Q′A = Q(M
′
1,A,M
′
2,A) which varies with fidelity
F (ρL, ρR) of the sources SL and SR. The value of Q
′
A
can be successfully used to approximate QA(ρ), where
ρ = (ρL + ρR)/2. For reasonably large fidelity values
F (ρL, ρR) ≥ 0.90 this approximation is expected to be
very accurate since for the 106 Monte Carlo generated
states ρL and ρR shown in Fig. 7 the largest module of
the difference Q′A −QA is smaller than 0.05, i.e., |Q′A −
QA| < 0.05. Obtaining fidelity above F = 0.90 should
not be difficult, thus, the setup can be considered robust
to imperfections of the sources.
IV. CONLUSIONS
We demonstrated that Q of Girolami and Adesso can
be efficiently measured in linear-optical system utilizing
two sources of two-photon states. Due to its proper-
ties the QDI which does not require any prior knowledge
about the investigated state Q is more powerful than the
other recently reported NWs [8–12]. The QDI and the
NW introduced by Zhang et al.in [13] both require four
copies of the input state, but the latter one is not appro-
priate for optical implementation. Our approach is less
complex than full QT, since it only requires two measure-
ments, if four copies of ρ are available [either spatially
(see Fig. 2) or time separated (see Fig. 3)], instead of
16 for the QT [27–29]. Furthermore, the proposed mea-
surement setup is expected to be faster than the direct
QT, since it would provide the outcome within a minute.
Let us note that if the one had access to six copies of
ρ, the QID could be estimated in a single measurement
in contrast to the simpler experiment described in [10],
where the NW was not universal and its estimation in-
volved measuring three quantities. Our approach can be
extended (by using larger number of copies) to directly
measure GQD as discussed in Ref. [22]. Moreover, our re-
sults can help to establish discord related NWs based on
matrices of moments for optical fields (studied previously
in the context of entanglement [30] and other nonclassical
phenomena [31]). Finally, let us note that the discussed
setup can measure moments M1 and M2 which can con-
stitute other QDIs or NWs (see Ref. [14]), thus it can
be used for investigating various quantum properties of
light in a way that was previously available only for the
NMR platform.
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